Simultaneous estimates of cardiac output were made during graded upright maximal exercise in 10 male subjects by means of Doppler velocity spectrum of ascending aortic flow, apical two-dimensional echocardiograms, thermodilution, and Fick oximetry. In 15 subjects, aortic annular and root diameters were measured during similar exercise from parasternal two-dimensional echocardiograms. The linear correlation between Doppler, two-dimensional echocardiography, and the invasive estimates ranged from r = .78 to r = .92. Both echocardiographic techniques were able to predict changes in invasive flow estimates with reasonable accuracy. Two-dimensional echocardiographic flow estimates underestimated invasive values by about 60%. The accuracy of Doppler flow estimates varied with the method of estimating aortic cross-sectional area. Greatest accuracy was obtained with areas calculated from diameters measured at the aortic value anulus with the leading edge-to-leading edge method of measurement. Correlation coefficients comparing Doppler and thermodilution flow estimates were generally higher (r = .75 to .96, mean .86) for individuals than for the group, but accuracy of the Doppler estimates in single subjects was quite variable. Aortic diameters did not increase from rest to moderate levels of upright exercise. A 3% to 5% increase in resting aortic diameter was noted in the upright posture as compared with the supine. Doppler flow estimates were obtained in all subjects to maximal exertion but in only a minority of subjects with two-dimensional echocardiography or thermodilution. Thus two-dimensional and Doppler echocardiography offer a noninvasive means of estimating cardiac output during vigorous exercise. The Doppler technique is technically more suitable to the study of exercise than two-dimensional echocardiography. Aortic area estimates for Doppler flow calculations are best made from resting two-dimensional echocardiograms of the aortic anulus by means of the leading edge-to-leading edge method of measurement. There does not appear to be a significant change in aortic diameter during upright exercise, but there may be a postural effect on aortic dimensions.
STROKE VOLUME and cardiac output are fundamental descriptors of cardiovascular function. Cardiac output is the primary indicator of the functional capacity of the circulation to meet the increased demands of physical exertion. The relative contributions of changes in stroke volume and heart rate to cardiac output and other factors influencing cardiac output Although technically challenging, two-dimensional echocardiography can be used to measure stroke volume during exercise,4 but this method has not been validated during exercise against conventional measurements.
Doppler echocardiography can also be used to measure stroke volume. The Doppler frequency shift of back-scattered ultrasound is proportional to the velocity of blood flow. 5 The ultrasound transducer can be positioned in the suprasternal notch to measure flow in the ascending aorta.6 Assuming the ultrasound beam is relatively parallel to blood flow and given the crosssectional area of the aorta, stroke volume can be measured both at rest7. 8 and during exercise.9 1O Although the Doppler method has been compared with invasive measurements of cardiac output at rest,7 8 similar validation has not been performed during exercise.
The purpose of this study was to investigate the feasibility and accuracy of two-dimensional and Doppler echocardiography as methods for noninvasively measuring stroke volume and cardiac output during exercise. Stroke volume and cardiac output determinations were made simultaneously during exercise by Fick oximetry, thermodilution, and two-dimensional and Doppler echocardiography. In addition, aortic cross-sectional areaa component of stroke volume determination by Dopplerwas measured at different sites during exercise to assess its potential influence on the accuracy of the method. We sought to answer the following questions: (1) What is the technical feasibility of measuring cardiac output and stroke volume during exercise with Doppler and two-dimensional echocardiography? (2) What is the best method for measuring aortic diameter so that stroke volume can be calculated with Doppler? (3) Does aortic diameter change during exercise or can resting measurements be used together with exercise Doppler recordings to calculate stroke volume? (4) What is the relative accuracy of Doppler and two-dimensional echocardiography in measuring cardiac output as compared with invasive techniques? Methods Subjects. Seventeen healthy adult men aged 20 to 35 years participated in various aspects of this study and gave written informed consent to protocols approved by the Human Research Committee of the Medical College of Wisconsin. None of the subjects experienced cardiovascular symptoms or took medication before, during, or after this study. All had normal results of physical examination, maximal treadmill exercise tests, and high-quality resting M mode, two-dimensional, and Doppler echocardiographic studies. None of the subjects was obese; levels of physical conditioning among the subjects varied from sedentary to highly fit.
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Echocardiography. Echocardiographic examinations were performed with a commercially available ultrasonograph(Johnson and Johnson Irex Meridian). A 3.5 MHz phased-array transducer was placed in the left parasternal position to record a long-axis view of the aortic valve and left ventricle and an M mode echocardiogram of the aortic valve and at the cardiac apex to record a four-chamber view at rest and during the third minute of each stage of exercise. Care was taken to use minimal gain settings. Subjects held their breath in midexpiration to improve image quality.
Two-dimensional studies were recorded on videotape for offline analysis with a computer-based analysis system (Microsonics). M mode studies were recorded by a strip-chart recorder running at 50 mmn'sec and analyzed manually. Only good-quality studies in which the ultrasonic interfaces were well visualized were accepted for analysis. Aortic diameter was measured at mid-systole and end-diastole at the level of the aortic valve anulus (defined as the insertion point of the aortic valve leaflets) and at the widest diameter of the aortic root. Measurement of aortic diameter by M mode echocardiography was made at the point where the aortic valve leaflets were recorded. Mean diameter was determined by averaging these two measurements. Measurements were made on three consecutive cardiac cycles by both the leading edge-to-leading edge methods and the trailing edge-to-leading edge methods. In preliminary studies, two blinded observers independently analyzed 20 random recordings on two occasions. The interobserver variability was 5% and the intraobserver was 3%. Values reported are those of a single blinded observer who analyzed all recordings. Left ventricular area and length were measured at end-systole and end-diastole with a digitizing tablet, tracing along the inner edge of the endocardial targets for area determinations, and measuring length from the left ventricular apex to the midpoint of the mitral anulus. Left ventricular volume was calculated with the formula"1: volume 8 x (left ventricular area)2 3 7 (left ventricular length) Volumes calculated from this single-plane method in normal subjects are comparable in accuracy to those calculated from biplane area-length methods or Simpson's rule. 12 It was selected for this study because it allowed for rapid volume calculation from easily obtained and reproducible measurements. This formula has previously been validated in our laboratory by comparing it to left ventricular volume measured by left ventricular angiography in 20 patients with symmetric left ventricular wall motion. The correlation between echocardiographic and cineangiographic estimates of volume (range 42 to 232 ml) was .92 (echocardiographic volume = 0.64 x angiographic volume + 0.5; p < .001). Similarly, ejection fraction calculated from echocardiographically determined volumes was compared with that from an additional group of 20 patients undergoing radionuclide angiography, yielding a correlation coefficient of .88 (echocardiographic ejection fraction = 0.90 radionuclide ejection fraction + 9.5; p < .001). To assess variability in measuring left ventricular volume during exercise with two-dimensional echocardiography, two blinded observers independently analyzed 20 random recordings made during exercise on two occasions. The interobserver variability was 3% for length measurement and 12% for area measurement. Intraobserver variability was 3% for length measurement and 8% for area measurement.
Continuous-wave Doppler echocardiographic recordings of ascending aortic blood flow velocities were obtained with a small dedicated 2.25 MHz nonimaging transducer (Pedof) held in the suprastemal notch. Ascending aortic flow was identified by its loud, high-pitched audio signal and bright well-defined video CIRCULATION display. Signals were recorded on paper with a strip-chart recorder running at 50 mm/sec.
Only good-quality studies in which crisp spectral envelopes could be seen were acceptable for analysis. Spectral envelopes of three cardiac cycles with the highest peak velocity were analyzed at rest and during the final minute of each stage of exercise. Peak velocity and ejection time were measured directly, and mean velocity was determined by planimetry. The velocity integral was calculated as the product of mean velocity and ejection time. The aorta was assumed to be circular, and its area was calculated by diameter measured with M mode echocardiography and with two-dimensional echocardiography. Stroke volume was calculated as the product of the velocity integral and aortic cross-sectional area. The means of measurements made on three cardiac cycles by a single blinded observer are reported. Previous studies in our laboratory have shown less than 9% interobserver and intraobserver variability in making these measurements. l°H eart rate was recorded with a remote echocardiographic telemetry unit. Cardiac output was calculated as the product of heart rate and stroke volume.
Invasive measurement of cardiac output. In 10 of the 17 subjects a No. 7.5F triple-lumen thermodilution catheter (Swan-Ganz) was placed percutaneously through a left antecubital vein. The tip of the catheter was positioned fluoroscopically near the bifurcation of the main pulmonary artery. Thermodilution measurements of cardiac output were performed in duplicate at rest and during the fourth and fifth minute of each stage of exercise by injecting 10 ml of cold 5% (70 to 120 C) dextrose into the right atrium. Thermodilution curves were displayed on-line and cardiac output was determined by computer (American Edwards Laboratories). Values were rejected if the thermodilution curves did not have a smooth contour and rapid rise and return to baseline or if there were large fluctuations in baseline temperature (as often occurred at high workloads with rapid respiratory rates). If the first two thermodilution output measurements varied by more than 10%, a third injection was made and the two closest values were averaged. No significant complications caused by catheter placement were encountered.
In five of these 10 subjects, cardiac output was also determined by the Fick oximetric method. Blood samples were collected from the pulmonary artery at rest and during the last minute of each stage of exercise and analyzed for hemoglobin concentration and oxygen saturation. Arterial hemoglobin sat-I _ Si} ; I RESTING ON BICYCLE STAGE I uration was assumed to be 95% and its hemoglobin concentration to be the same as venous concentration. Arterial blood samples were not taken. Oxygen consumption was calculated minute by minute at rest and during exercise by open-circuit spirometry as previously described. 4 Exercise protocol. All 17 subjects performed a four-step exercise test on an upright bicycle ergometer on land. Ten of the 17 those who had thermodilution catheters inserted underwent a second exercise test on a bicycle mounted in a small pool, immersed to their necks in thermoneutral water (32°C). The underwater exercise protocol with Swan-Ganz catheter was performed primarily as a part of a separate, ongoing investigation of the cardiovascular effects of water immersion, a model of weightlessness in man.4 Exercise stages lasted 6 min each and were set to correspond to 40%, 60%, 80%, and 100% of maximal oxygen consumption. Exercise studies were performed on the same day separated by a 5 hr rest period. In the seven subjects without thermodilution catheters in place, only parasternal echocardiograms of the aortic valve were recorded. No Doppler signals were sought in these subjects.
Statistical analysis. Statistical calculations were performed with a standard software system (SPSS/PC). Linear regression analysis and Pearson's coefficient of correlation were used to compare echocardiographic flow variables with invasive measures (Fick oximetry or thermodilution). Reported confidence intervals were calculated from the results of the regression analysis with standard equations. Changes in aortic diameter with exercise were analyzed by Friedman's analysis of variance for multiple related samples. 13 14 
Results
A representative example of Doppler echocardiograms obtained at rest and during each stage of exercise for one subject are shown in figure 1. Diagnosticquality Doppler tracings were obtained to the point of maximum exercise in all 10 subjects. Adequate twodimensional echocardiograms of the left ventricle and aortic valve could be obtained through two stages of exercise in eight of 10 subjects, through three stages of STAGE 11 STAGE IlI STAGE IV (MAXIMAL EXERTION exercise in seven, and in three subjects at maximal exertion. Table 1 summarizes performance variables by stage for the 10 subjects in whom invasive measurements were made. Resting heart rates varied from 63 to 77 beats/min rising to 175 to 185 beats/min at peak effort. There was a 10-fold mean increase in oxygen consumption. Cardiac outputs (thermodilution method) ranged from 5.0 to 6.4 liters/min at rest and increased to 19.1 to 23.6 liters/min at peak effort. Peak aortic Doppler velocity ranged from 0.74 to 1.0 m/sec at rest and increased by 1 10% at peak exercise. Doppler and thermodilution flow estimates agreed well at each stage, although the Doppler range was broader. In those subjects with large cardiac outputs, thermodilution flow estimates could not be made at higher workloads.
The correlations coefficients comparing thermodilution and Fick estimates of stroke volume and cardiac output were .71 (p < .0001) and .94 (p < .0001), respectively. Fick estimates were 10% to 15% higher than thermodilution estimates. (Thermodilution stroke volume = 0.84 x Fick stroke volume + 11.5 and thermodilution cardiac output = 1.22 x Fick cardiac output -3.3.)
Comparison between noninvasive and invasive methods.
Regression data comparing the velocity integral, product of velocity integral and heart rate, Doppler-derived stroke volume and cardiac output, and cross-sectional echocardiographic stroke volume and cardiac output estimates with the corresponding thermodilution and Fick flow values are given in table 2. The Doppler flow estimates were calculated with aortic diameters measured at rest at the aortic valve anulus with the leading edge-to-leading edge method. Plots of the velocity integral-heart rate product, Doppler cardiac output, and cross-sectional echocardiographic cardiac output with thermodilution cardiac output are shown in figure 2. As shown in table 2, the correlation of velocity integral and Doppler-derived stroke volume with inva- dence intervals for predicted thermodilution flow were rtic anulus with the leading edge-to-leading edge calculated and are shown in table 3. Doppler, crosssectional echocardiographic, and Fick flow estimates were selected to correspond to typical stroke volume (Fick and thermodilution) ranged from and cardiac outputs measured during mild-to-moderate ross-sectional echocardiographic estiexercise. The corresponding thermodilution flow esti-.e volume showed a somewhat better mates with group and individual confidence ranges hFick and thermodilution estimates (r= were calculated from regression data (see table 2 ). respectively). The correlation between Group confidence ranges were similar for thermodiid invasive estimates of cardiac output lution flows predicted by the Fick oximetric and both better, ranging from .78 to .90. Crossnoninvasive methods. The confidence range for indicardiographic flow estimates underestividual subjects tended to be broader for thermodilution-.ly derived values by about 60%. derived flows predicted by the Doppler method. ion between Doppler-derived flow esti- Table 4 shows the change in the invasive flow estiasive variables was also examined in mates predicted by changes in noninvasive flow variects. Figure 3 shows regression lines for ables. Changes in noninvasive flow variables were )mparing Doppler-derived and thermochosen to approximate the change from rest to peak ites of cardiac output. Individual corre-exertion. Group confidence ranges are included. Crossnts ranged from .75 to .96, with a mean sectional echocardiographic values underestimated the he slopes of these lines ranged from 0.47 change in invasive flow variables, whereas Doppler h intercepts from -0.5 to 4.9. For these values provided a fairly accurate prediction of change.
)ppler output estimates of cardiac output Aortic valve diameter. stolic aortic diameters at rest and during exercise. Measurements were obtained by the leading edge-to-leading edge method at both the aortic anulus and root. Although not shown, similar results were noted with the trailing edge-to-leading edge method. Not all subjects had measurable images at higher workloads. The number included in analysis at each workload is noted in this table. All methods showed a significant increase in diameter of 2% to 3% on assumption of the upright posture but no further change during exercise to 80% of maximal oxygen consumption. This postural dimension change was approximately 1 mm for orifice measurements and 1.2 mm for aortic root spans. Individual postural changes ranged from -2 to + 5 mm. Assuming that the aorta is circular in both postures, stroke volumes calculated with supine aortic diameter measurements will on average be 6% to 9% smaller than those calculated with upright diameter estimates. To determine the "best" method of measuring crosssectional area, Doppler stroke volume and cardiac output were calculated by each method of measuring aortic diameter. These regression data are summarized in table 6. Correlation coefficients between Doppler flow and Fick and thermodilution measurements of cardiac output were similar, ranging from r = .78 to r = .92, regardless of whether the diameter was measured at the aortic root or anulus and regardless of whether the leading edge-to-leading edge or trailing edge-to-leading edge method was used. Doppler flow calculated with diameter measured by M mode echocardiography was less highly correlated (r = .74) and overestimated flow by 20% to 40%. Use of diameter measured at the aortic anulus with the trailing edge-to-leading edge method resulted in a 15% to 25% underestimation of flow. Flow calculated with aortic diameter measured by the leading edge-to-leading edge method at the level of the aortic anulus was within 5% to 10% of corre-sponding invasive estimates. Use of aortic diameter measured during each stage of exercise rather than using resting values showed only minimal improvement in correlation (r = .86).
Discussion
Technical feasibility. This study demonstrates that both two-dimensional and Doppler echocardiography can be used to estimate blood flow during exercise. Two-dimensional echocardiography was more difficult to perform during exercise and the success rate for obtaining a satisfactory study was substantially lower than that for Doppler echocardiography at higher levels of exercise. Adequate-quality Doppler studies were recorded at maximal exercise in all subjects, whereas diagnostic-quality two-dimensional studies could be recorded during maximal exercise in only three of 10.
There are several potential reasons for this difference in technical feasibility. The primary reason for decline in the technical quality of two-dimensional studies recorded at higher levels of exercise was respiratory interference, both with the transducer at the left parastemal border and at the cardiac apex. The Doppler transducer was placed in the suprasternal notch and traversed the mediastinum to sample flow in the ascending aorta without encountering the air-filled lungs. To a lesser extent, motion of the body during exercise interfered with echocardiographic recordings. The small Doppler transducer fit snugly into the suprasternal notch and seemed less affected by motion than the two-dimensional transducer held against the chest wall.
The innate nature of the signals recorded for Doppler SI; S2; S3 = exercise stages I, II, III.
p< .05 supine vs all upright; p = NS rest vs exercise.
vs two-dimensional echocardiography also contributed to the difference in technical feasibility. The output of the Doppler instrument had a relatively high signalto-noise ratio and recognition of the envelope of the systolic velocity integral was generally easy and planimetry quickly performed. To measure stroke volume A1 and 2 measured at valve anulus by leading edge-to-leading edge and trailing edge-to-leading edge methods, respectively; 3 and 4 measured in aortic root by leading edge-to-leading edge and trailing edgeto-leading edge methods, respectively; 5 measured at valve anulus by leading edge-to-leading edge method at each exercise stage; 6 measured from resting M mode.
with two-dimensional echocardiography required identification of the endocardial border on end-systolic and end-diastolic videotape still frames, a more laborious process requiring much higher data quality than tracing of the Doppler signals.
This study was performed in healthy young men known to have high-quality echocardiographic studies under resting conditions. Measurement of stroke volume during exercise with either Doppler or two-dimensional echocardiography is likely to be of lesser technical feasibility in a patient population, many of whom can be expected to have tortuous aortas, chronic pulmonary disease, obesity, or small intercostal spaces, all impediments to the transmission of ultrasound. Conversely, protocols for clinical exercise testing might be less vigorous and thus more conducive to echocardiographic recording than were the physically demanding exercise protocols used in this study due to constraints of experimental design.
Aortic diameter measurement. Proper calculation of aortic root area is known to be a potential pitfall in calculating stroke volume with Doppler echocardiography.15 This study supports the use of the leading edge-to-leading edge technique for measuring aortic valve diameter at the level of the insertion of the aortic valve leaflets as seen on two-dimensional echocardiograms. This is in keeping with theoretic considerations that the width of echoes is influenced by gain settings. 16 Use of trailing-edge echoes may thus underestimate diameter. However, since blood flows inside the aorta, measuring diameter with the leading-edge technique Vol. 76, No. 3, September 1987 may result in a diameter value that is larger than the true diameter. It may be that better correlation was obtained with the leading edge-to-leading edge method because the stroke velocity integral was underestimated. Use of a larger aortic diameter to calculate stroke volume may have fortuitously corrected for this underestimation. Stroke velocity integral might have been underestimated by a failure to record velocity at the site of the aortic anulus, where aortic diameter is smallest and flow velocity would be expected to be highest.
Our finding that Doppler calculations are best made with diameter measurements taken at the level of the insertion of the aortic valve leaflets has previously been documented by Ihlen et al. 15This level is the limiting orifice at which peak velocity occurs with laminar blood flow and a flat spatial velocity profile. 17
Measurements made from two-dimensional echocardiograms were somewhat superior to those made from M mode echocardiograms. This is possibly caused by movement of the aortic orifice through the ultrasound beam during the cardiac cycle; the measurements made by M mode echocardiography at enddiastole and end-systole may not actually have been made in the same anatomic plane. On the two-dimensional studies, measurements at end-systole and enddiastole were made at the point of insertion of the aortic valve leaflets, compensating for motion of the heart and aorta.
Effect of posture and exercise on aortic diameter. This study showed an increase in aortic diameter with change from supine to erect posture but no further increase to moderate levels of exercise. The mechanism for change in diameter with change in posture is uncertain and invites further study. The influence of filling pressures and reflex changes may be involved.
The finding of no change in aortic diameter with exercise is seemingly at odds with the data of Stewart et al. ,18 who found a significant change in aortic diameter at higher flow rates in their open-chest animal preparation. The difference may relate to the fact that heart rate, venous return, and arterial pressure were held constant in their preparation, quite a different set of circumstances than those present during exercise. In addition, circulating catecholamines, which are known to increase aortic stiffness, 19 increase during exercise but may not have changed in the experimental preparation. It should be pointed out that data in our study were obtained from healthy young men. The compliance characteristics of patients in whom this technique might be applied clinically may be different and the aorta could respond differently to exercise. Although no significant difference in aortic diameter 546 was shown between the upright resting state and exercise, use of aortic diameter measured during exercise to calculate stroke volume during exercise did result in slightly better correlation with cardiac output measured invasively from resting diameter measurements. However, aortic diameter could not be measured in many subjects at higher levels of exercise.
Relative accuracy of Doppler and two-dimensional echocardiography. This study demonstrates that both twodimensional and Doppler echocardiography can be used to estimate cardiac output during exercise and that the results compare favorably to those obtained simultaneously with Fick oximetric and thermodilution methods. The correlation between flows measured by two-dimensional echocardiography and invasive methods was slightly better than that measured by the Doppler technique. Two-dimensional echocardiography was better able to predict flow in the entire group or to predict changes in flow in individual subjects than to predict absolute values in individuals. As expected, two-dimensional echocardiography substantially underestimated the true volume of flow, but appropriate correction factors could be used when applying this method in practice. The reasons for this underestimation probably include the effects of beam width and trabeculation of the ventricle, errors in locating the true long axis of the ventricle, motion of the heart through the scan plan, and inadequacies of the geometric model used. Changes in the shape of the ventricle during exercise may have lessened the correlation. Use of other formulas for calculating left ventricular volume such as the biplane Simpson's method may have improved the correlation, but it was impractical to record more than one apical two-dimensional view during the exercise period. Flows estimated with Doppler echocardiography also correlated well with those measured by Fick oximetric and thermodilution methods. Estimates of absolute flow and changes in flow were reliably predicted with this technique. However, as illustrated in figure  3 , substantial intersubject variation exists in the relationship between Doppler flow variables and invasive flow estimates. This limits the ability to make quantitative flow predictions in single subjects from Doppler data. Eliminating aortic area estimates from calculations by using the velocity integral or velocity integral-heart rate product did not alter intersubject variability or the ability to predict changes in flow (see table  4 ). Rather it is more likely that differences between subjects in the orientation of the ascending aorta relative to the Doppler transducer in the suprasternal notch may have caused a dispersion in cardiac output values.
Accurate calculation of stroke volume with the Doppler method assumes alignment of the ultrasound beam nearly parallel to flow. Anatomic variation in the course of the ascending aorta may not always allow this condition to be met. Shaw et al.20 performed Doppler flow calculations in 10 normal subjects during upright bicycle exercise. Overall results were similar. Absolute and relative changes in peak velocity were lower in their study, reflecting lower peak heart rates and their use of consecutive rather than maximal velocity signals as was done here. The use of several consecutive velocity signals to calculate this velocity integral may be preferable, as noted by McLennan et al. 21 However, we found acquisition of clean consecutive signals to be impractical at peak workloads with ytandard ergometers.
Limitations of invasive standards. Neither the Fick oximetric nor the thermodilution technique are ideally suited to the measurement of cardiac blood flow during exercise. Difficulties inherent in both techniques are well described and must be kept in mind when interpreting the results of this study. 2 22 The modified Fick technique used here may be particularly prone to error, since no arterial sampling was done.
Conclusion. We conclude that both two-dimensional and Doppler echocardiography can be used to measure cardiac output during exercise and probably produce results that are as accurate as those measured by the Fick oximetric and thermodilution methods. Two-dimensional echocardiographic data were more difficult to record and reduce than Doppler data and could not be obtained during high levels of exercise. Stroke volume measured by two-dimensional echocardiography, however, was more closely related to stroke volume measured invasively than was Doppler stroke volume. Stroke volume by Doppler was best calculated with the leading edge-to-leading edge method. Upright aortic diameter measurements did not change significantly during exercise and resting values could be used to calculate stroke volume during exercise.
